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Abstract— We present a quantum transport simulation of
graphene field-effect transistors based on the self consistent
solution of 2D-Poisson solver and Dirac equation within the non-
equilibrium Green’s function formalism. The device operation of
double gate 2D-graphene field effect transistors is investigated.
The study emphasizes the band-to-band and Klein tunneling
processes of massless carriers and the resulting features of
the electrostatic modulation of I-V characteristics. A transcon-
ductance as high as a few hundreds of μS/μm is observed,
despite low on/off current ratios. The model is also extended to
massive carriers, which allows us to show the on/off current ratio
enhancement due to finite bandgap. The obtained results suggest
the feasibility of 2D-graphene devices for analogue applications.

I. INTRODUCTION

Recently, graphene based structures have become the subject

of intensive research (see the recent review [1] and references

therein) because of their expected potential for applications in

nanoelectronics. In comparison with other materials, graphene

offers many advantages, such as carrier mobilities of up to

15000 cm2 V−1 s−1 at room temperature [2] and large (∼ 108

A cm−2) critical current densities [3] etc. Differently from

conventional semiconductors, graphene is characterized by a

zero bandgap and chiral massless carriers. Though it makes

difficult the electrostatic control of current, this feature leads

to a number of unusual and fascinating transport properties

such as finite minimal conductivity, unconventional quantum

Hall effect, Klein tunneling [1].

Most recent works on the simulation of electronic transport

in graphene transistors are based on either a tight binding or

an effective mass description of semiconducting nanoribbons

[4, 5]. In ref. [6], we used a non-equilibrium Green’s function

(NEGF) technique to solve the Dirac equation, which describes

the chiral character of massless fermions in 2D-graphene

structures. This technique is now self consistently coupled to

2D Poisson’s equation to consider double gate graphene FETs.

It is also extended to study the transport of massive fermions.
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Fig. 1. Schematic cross-section of simulated device. The source and drain
extensions are doped to ND ≈ 1013 cm−2.

II. MODEL AND SIMULATION TECHNIQUES

Close to the zero energy points, massless carriers of 2D

graphene are described by the Dirac model [2, 7]

H = vF (pxσx + pyσy) + Ug (x) (1)

where vF ≈ 106 m/s is the Fermi velocity, �p = (px, py) is

the 2D-momentum, σx,y are the Pauli matrices, Ug stands for

the potential energy in the graphene channel and is defined by

solving the Poisson’s equation. We additionally assume that

the graphene sheet is large enough for Ug to be just considered

as a function of x and the transport along the OY direction to

be free. Consistently, it is numerically convenient to represent

the Hamiltonian (1) in the basis {|xn〉 ⊗ |ky〉} [6], where ky

denotes the wave vector along the OY direction (|ky〉 = eikyy)

and a = xn+1 − xn is the mesh spacing. Hence, the Eq. (1)

is rewritten in the matrix form

Hn,l = [Ug (xn) + Eyσy] δl,n + iE0σx (δl,n+1 − δl,n−1) (2)

with E0 = h̄vF /2a and Ey = h̄vF ky . Using this tight binding

form, it is easy to apply the NEGF to solve the transport

equation [6]. In particular, the Green’s function is given by

G (E) =
[(

E + i0+
)
I − H − ΣS − ΣD

]−1
(3)

where the self energies ΣS,D describe the coupling between

the graphene channel and the contacts.
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The charge density in the channel is then computed by

ρ (x) = −2e

+∞∫
−∞

dE

+∞∫
−∞

dkysgn (E − EN )

×{DS (E, x) f [sgn (E − EN ) (E − EFS)]
+DD (E, x) f [sgn (E − EN ) (E − EFD)]} (4)

where e is the electronic charge, EN is the charge neutrality

level, sgn(E) is the sign function, EFS(FD) is the source

(drain) Fermi level, and DS(D) = GΓS(D)G
† with the tun-

neling rate ΓS(D) = i
(
ΣS(D) − Σ†

S(D)

)
is the local density

of states (LDOS) resulting from the source (drain) states. For a

self consistent solution, the NEGF transport equation is solved

iteratively with the Poisson equation until self consistency is

achieved. The current density is then computed by

J =
2e

πh

+∞∫
−∞

dE

+∞∫
−∞

dkyT (E, ky) [fS (E) − fD (E)] (5)

where T (E) = Trace
[
ΓSGΓDG†] is the transmission coef-

ficient between the source and the drain.

The simulated device is schematically shown in Fig. 1. The

source and drain extensions are doped to ND ≈ 1013cm−2

and two gate electrodes are located at distances Wt and Wb,

respectively, from the graphene channel. Since the potential

Ug is a function of only x, the Poisson equation should be

solved in the 2D-space OXZ. Generally, this computation

always requires a huge number of grid points because of the

open space on the top and bottom of the graphene channel.

Therefore, to save the computational cost, the method of

moments [8] is used in this work. The advantage of this

method is that the grid points are needed only where charge

exists. Therefore, the total number of grid points is much

smaller than using other methods. The Poisson equation can

be written in the integral form as follows[
Ug

Uc

]
=

[
Kgg Kgc

Kcg Kcc

] [
ρg

ρc

]
(6)

where [K] is the electrostatic kernel, the subscript c (g) denotes

the quantities on the contacts (graphene channel). The potential

Ug can be obtained directly by solving Eq. (6) when ρg (from

Eq. (4)) and Uc are known

Ug =
(
Kgg − KgcK

−1
cc Kcg

)
ρg + KgcK

−1
cc Uc (7)

Since the charge density ρg depends non-linearly on the

potential Ug , it is very efficient to solve this equation by using

the Newton-Raphson method [9].

III. RESULTS AND DISCUSSION

Using the above formalism, the electrical characteristics of

simulated device are investigated. In Fig. 2, we display the self

consistent results of (a) the potential profile together with the

LDOS (Ey = 50 meV), and (b) the electron density. Note that

the dispersion relation for Dirac-like carriers defined from the

model (1) is E−Ug = ±h̄vF

√
k2

x + k2
y , therefore, for a given

���
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Fig. 2. (a) potential profile (solid line) and corresponding LDOS (for Ey =
50 meV), and (b) local electron density (negative values correspond to holes).
Everywhere, LS = LD = 20 nm, LG = 15 nm, Wt = Wb = 2 nm,
VDS = 0.2 V, Vt = Vb = −1.0 V, and T = 77 K.

energy Ey , the component kx is imaginary when |E − Ug| <
|Ey|, i.e., the carrier states are evanescent. Indeed, as shown

in Fig. 2(a), an Ey-dependent energy bandgap is formed in

the LDOS around the potential energy curve. This bandgap

vanishes for normal incident particles (ky = 0). Additionally,

in the gated region, the gate voltages induce a potential barrier

and generate some hole bound states in the valence band.

These hole bound states, as discussed in ref. [6], can give

rise to Klein tunneling and resonant features. Actually, due

to their chirality, the charge carriers in graphene are both

electrons and holes. As a consequence, the electron density

presented in Fig. 2(b) exhibits positive (electrons) and negative

(holes) values in outside/inside the gated region, respectively.

Essentially, this feature concerns with the fact that electrons

and holes in graphene are intimately linked and can transform

themselves into each other when transmitting through the

system [7]. Moreover, because of zero energy bandgap, the

band-to-band tunneling, wherein the charge carriers transmit

from the valence band (holes, in the left) to the conduction one

(electrons, in the right), appears to give a strong contribution

to the electrical characteristics of this device [6].

We now explore the I-V characteristics of the device. In

Fig. 3, we plot the current density as a function of the

bias voltage VDS for different gate voltages. In ref. [10],

the authors predicted that the presence of energy gap around

the potential barrier Ug can result in a significant negative

differential conductance (NDC) in single barrier graphene

structures. However, the study in ref. [6] demonstrated that

the NDC behavior is not strong because of the contribution

of band-to-band tunneling processes. Indeed, our simulation
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Fig. 3. Current density as a function of bias voltage VDS for different values
of VGS (Vt = Vb ≡ VGS ). Everywhere, LS = LD = 20 nm, LG = 15
nm, Wt = Wb = 2 nm, and T = 77 K.
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Fig. 4. Current density versus gate voltage for different gate lengths (a) and
bias voltages (b). Unless otherwise stated, LS = LD = 20 nm, LG = 15
nm, VDS = 0.2 V, Wt = Wb = 2 nm, and T = 77 K.

shows that it is difficult to observe the NDC behavior in the

simulated device. The existence of the energy gap merely

reduces the differential conductance at some bias voltages as

seen in Fig. 3. At high bias, the current seems to increase

monotonically with the voltage. Additionally, due to confined

hole states, some energy gaps between them also appear in the

gated region (see in Fig. 2(a)). This leads to the fact that when

decreasing the gate voltage (or increasing the height of the

potential barrier), some current steps, where the differential

conductance is small, can be observed, e.g., as in the I-V

curves for VGS = −1.0 V and −2.0 V in Fig. 3.

In Fig. 4, we display the current density as a function

of the gate voltage. Here, we assume that the same voltage

VGS is applied to both two gate electrodes. As seen in the

figure, the current density always displays a minimum value at

finite negative gate voltage. This minimum point corresponds

to the minimum conductance evidenced experimentally [11].

���

���

Fig. 5. Transconductance versus bias voltage (a) and gate voltage (b).
Everywhere, LS = LD = 20 nm, LG = 15 nm, Wt = Wb = 2 nm,
and T = 77 K.

Fig. 4(a) shows that while the maximum value of current

seems to be unchanged, the minimum current decreases when

increasing the gate length. This feature originates from the

fact that the minimum current appears when evanescent states

around the potential energy Ug in the gated region give

important contributions to the current and the transmission via

such states decays exponentially as the gate length increases.

Therefore, the on/off current ratio, typically ∼ 1.6÷2.0 in Fig.

4, increases with increasing LG. However, because of zero

energy bandgap, this ratio in graphene FETs is very limited,

i.e., it is less than 10 [11]. Another important feature observed

is the resonant tunneling (Klein tunneling) via hole bound

states in the gate-induced barrier region. The tunneling appears

when there is a good matching of electron and hole waves

outside/inside the barrier, respectively. As a consequence, the

current density exhibits a non-trivial structure of resonant

peaks when tuning the gate voltage (or potential barrier

height), e.g., see the resonant peaks in the negative gate voltage

region of Fig. 4(a). In principle, the energy spacing between

such resonant peaks reduces when increasing the gate length.

Therefore, the effect is smeared and cannot be seen when LG

is large enough [11].

Additionally, the normalized current J/Joff as a function

of the gate voltage with different bias voltages is plotted in

Fig. 4(b). Joff is the minimum value of the current in the

considered range of the gate voltage. On the one hand, it is

shown that the on/off current ratio seems to be unchanged

when tuning the bias. On the other hand, the second current

valley appears in the positive gate voltage region when the

bias increases. The latter feature can be explained as a con-
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Fig. 6. Current density versus gate voltage for different energy bandgaps Δ.
The device parameters are LS = LD = 20 nm, LG = 15 nm, VDS = 0.2
V, Wt = Wb = 2 nm, and T = 77 K. The star-solid curve corresponds to
the results obtained at T = 300 K and Δ = 0.0 meV.

sequence of band-to-band tunneling processes in the device.

As mentioned above, both Klein tunneling and band-to-band

tunneling processes give contributions to the current. However,

the latter tunneling processes are important only when the bias

is high enough. Essentially, the first (second) current valley

originates from the suppression of Klein tunneling (band-to-

band tunneling) when the energy gap around the potential

barrier Ug moves downward in the energy as schematically

illustrated in Fig. 3 of ref. [6]. This also explains the fact that

the first and second valleys appear in the negative (potential

barrier) and positive (well) gate voltage regions, respectively.

Correspondingly, we display the transconductance as a

function of the bias and the gate voltages in Figs. 5(a) and

5(b), respectively. In the case of a gate-induced potential

well (VGS = 1.0 V), the transconductance is very small

at low bias where the band-to-band tunneling is negligible,

while it takes high values at high bias where the band-to-

band tunneling is important. Fig. 5(a) also shows that the

modulation of transconductance by tuning the gate voltage is

weak and becomes strong in the low and high bias regions,

respectively. Indeed, this point is demonstrated more clearly in

Fig. 5(b), where the transconductance versus the gate voltage

is plotted for different bias voltages. It is also shown that,

on the one hand, the transconductance has both positive and

negative values with a high amplitude that can be up to a

few hundreds of μS/μm, on the other hand, consistently with

the second valley of the current, the transconductance has a

deep negative valley at the positive gate voltage region when

increasing the bias. Thus, despite the low on/off current ratio,

the band-to-band tunneling can result in the high tunability of

transconductance by the applied voltages, which is convenient

for designing high frequency graphene transistors [11, 12].

Finally, the effects of finite energy bandgap, which can

result from the finite width of the graphene sheet [13] and/or

from the interaction of the sample with the substrate [14],

etc., are displayed in Fig. 6. In this case, the system is no

longer described by the massless model but by the massive

Dirac model obtaining by adding the mass term mv2
F σz

into Eq. (1). An important change is that the device is not

always transparent for normal incident particles as in the case

of massless carriers [7] but the transmission becomes more

dependent on the applied voltages. Therefore, when increasing

the energy bandgap Δ = mv2
F , the current density is generally

reduced as seen in Fig. 6. Simultaneously, it leads to higher

amplitude of transconductance and higher on/off current ratio,

e.g., Jon/Joff ≈ 3.7 for LG = 15 nm and Δ = 40
meV. The temperature effect is additionally presented in this

figure. In principle, increasing the temperature always results

in smearing effects, e.g., it blurs the resonant peaks as seen

in the case of T = 300K. Moreover, consistently with the

transport picture described schematically in Fig. 3 of ref. [6],

it appears that the current is enhanced/reduced in the cases

of a gate-induced potential barrier/well, respectively, when

increasing the temperature.

IV. CONCLUSION

We have developed an efficient self-consistent simulator

based on the NEGF method to solve Dirac’s equation in 2D

graphene devices. The simulator has been then applied to

investigate the transport characteristics of a typical double gate

graphene FET. It is shown that besides Klein tunneling, the

band-to-band tunneling is very important in this device. As

a consequence, the on/off current ratio is very limited, i.e.,

it is less than 10. However, the electrostatic modulation of

the channel can yield transconductance values as high as a

few hundreds of μS/μm. An additional energy bandgap can

reduce the current and simultaneously make the on/off current

ratio as well as the amplitude of transconductance higher.

Therefore, though not suitable for digital applications, these

device characteristics may be convenient for analogue circuit

applications [11, 12].
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